Imaging of Advanced Composites with a Low-Frequency Acoustic Microscope by Fraser, J. D. et al.
lMAGlNG OF ADVANCED COMPOSlTES WlTH A LOW-FREQUENCY ACOUSTlC MlCROSCOPE 
lNTRODUCTlON 
J. D. Fraser and C. S. DeSilets 
Precis ion Acoustic Devices, lnc. 
Fremont, CA 94539 
B. T. Khuri-Yakub 
Ginzton Laboratory, Stanford University 
Stanford, CA 94305 
We have built the first commercially-made low frequency acoustic 
microscope, measured its characteristics, and explored its utility for NDE 
of composites and other aerospace materials. We studied the effects of 
numerical aperture and frequency on resolution and defect sensitivity. 
lnteresting effects were noted. We determined limits on scanning speed and 
imaging depth and demonstrated the technical feasibility of the technique 
for practical problems. We obtained samples of rocket motor casings from 
the Navy, and structural parts from Navy and Air Force contractors, and 
demonstrated successful detection of defects in several cases of real 
interest. 
DlSCUSSlON 
The system we constructed is similar to Professor Khuri-Yakub's 
acoustic microscope in use at Stanford University. The b10ck diagram 
is shown in Fig. 1. It was designed with special attention to the pre-
amp1ifier and detector stages, which govern the sensitivity and dynamic 
range of the instrument. A dynamic range of 48dB, corresponding to 256 
1eve1s of gray sca1e, was desired for high-qua1ity images. Dynamic range 
was tested as a function of frequency, as shown in Table 1. 
Table 1. Receiver Sensitivity and Dynamic Range 
Frequency Sensitivity Dynamic Range Equivalent 
~z dBm dB Bits 
1.0 -47 50 8.3 
2.0 -47 48 8.0 
5.0 -43 42 7.0 
10.0 -32 43 7.2 
20.0 -53 39 6.5 
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Figure 1. B10ck diagram of the low-frequency 
acoustic microscope system. 
As can be seen, the performance at 101, frequenc ies is fine, whi le from 
5 MHz up the receiver dynamic range is slightly less than desired. The high-
frequency dynamic range will be improved in later versions of the system. 
To build transrlucers for this project, P.A.D. used a technology 
developed for produc ing sharply focussed transducers for Professor Khud-
Yakub's microscope project at Stanford. The basic construction and per-
formance parameters are those of our single quarter-wave matched medical 
transducer line: a piezoelectric ceramic element with acoustic matching 
by a single quarter-wave plate to water anrl electrical matching by a tuned 
tran!':former to 50 Ohms real at the center freqt1ency. The insertion loss 
was typi.cally 3dB at the center frequency, and the 6<iB bandwidth was 
Bpproximately 50%. 
We made the following transducers for this project: 
1, 3, and 5MHz fl, and 3MHz f3. We a1so made use of an existing .5 MHz fl 
trllnsducer, and operated the 3 MHz fI transducer at a third harmonic 
frequency of 10 MHz. A 3. MHz f.7 transducer was constructed, but was 
accidentally broken before results could be obtained with it. 
P.A.D. obtained or fabricated a variety of samples for evaluation. 
These included a variety of filament wound and laid up kevlar-epoxy and 
graphite-epoxy parts, as well as wire and epoxy resolution targets. Some 
of these samples are described below in Table 2. 
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Label Source 
1 Hercules 
II Navy contractor 
III Navy contractor 
IV P.A.D. 
V Air Force contr. 
Table 2. 
Description 
16mm thick graphite, wound 
2.7mm graphite cloth layup, seeded 
7.5mm graphite bracket, seeded 
9mm thick, made from IV, seeded 
4mm, 24 p1y quasi-isotropic graphite 
Sample 1, a filament would graphite-epoxy motor case, was obtained from 
Hercules Corporation for us by China Lake N.W.C. We had problems imaging 
this sample. When we measured the propagat ion characteristics, we·found 
that sound would pass through the material, but that the velocity depended 
strongly on direction. The velocity parallel to the fibers was found to be 
hard to measure, but greater than 6km/sec, while the velocity perpendicular 
to the fibers was 3.lkm/sec. The individual plies of the fibers were about 
.75mm thick. 
This much velocity dispersion could be expected to create problems 
in a system which depends for its resolution on coherent propagat ion of 
sound waves in a wide range of directi.ons, and the problem woulti be ex-
pected to be worse when the thickness of the plies is comparable to the 
wavelength of the sound than when it is small compared to the wavelength. 
A seeded sample, Number II was fabricated from the Hercules graphite 
material, as shown in Fig. 2. The size of the flat-bottomed holes was 
3mm, equal to the cross-fiber wavelength at 1 MHz. The targets were 3mm 
from the top side of the block, and 6 mm from the bottom side. The thick-
ness of the plies 'vas about 3/4 of a wavelength at a frequency of 3MHz. 
Images were made from the top side at 3 MHz, 1 MHz, and .5 MHz, as 
shown in Fig. 3. The progression from poor image quality to better quality 
as the frequency decreases is striking, as it is exactly the opposite of 
what would happen in normal materials. At.5 MHz, 3mm voids are reliably 
detected 3mm below the surface. However, when imaging was attempted from 
the bottom side, 6mm from the flaws, nothing was detected. The dispersion 
and 10ss experienced in traversing some eight 1ayers of fibers decreased the 
signa1 from the f1aws be10w the detectab1e 1imit. This means that imaging 
through the whole thickness of Samp1e 1 would have to be done at a much 
10wer frequency, say .1 MHz, and that the reso1ution wou1d correspondingly 
be about 15mm, rough1y equa1 to the thickness of the material. This mode of 
imaging might be effective for detecting some important types of f1aws. 
The minimum f1aw size detectab1e wou1d probab1y be at 1east 5mm in lateral 
extent. 
Samples III and IV were obtained by P.A.D. from a Navy contractor. 
Sample V was a seeded graphite-epoxy plate, laid up from cloth and vacuum 
bagged. It was 2.7mm thick, and had a series of syntactic foam squares and 
a series of saran wrap squares inserted at the midplane. A map of the 
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Figure 2. Schematic diagram of Seeded samp1e laminated from 
filament wound graphite, with 3mm ho1es and 9mm square. 
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Figure 3. Acoustic images of a seeded, filament would graphite-
epoxy sample. From left to right: 3MHz, lMHz, .5MHz. 
sample is shown in Figure 4. The contractor's own x-ray inspection had 
detected the foam squares with weak contrast, but had not found the saran 
wrap squares, which are representative of a delaminated but closed region. 
We imaged this sample at 1 MHz as shown in Figure 5. Both foam and 
saran squares are easily seen at 3mm size, and lmm squares show some trace. 
Additionally, other flaws are seen, which are probably bubbles introduced 
dur ing the layup. At 3 MHz, the wavelength would be comparable to the 
thickness of one layer of the graphite cloth, and the image (not shown) 
included only surface topography. 
Sample IV \~as a thick, sharply curved layup of the same type of cloth 
as Sample III. Normal ultrasound inspection with weakly focussed trans-
ducers and a through transmission-back reflection technique worked on the 
flat areas, but not on the cor ner. l-le imaged this sample with a l MHz FI 
transducer, taking the image in strips 9mm wide and moving the part between 
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Figure 4. Schematic diagram of seeded graphite-epoxy 
lamina te , showing locations and sizes of flaws. 
Figure 5. Photograph of the seeded sample shown in Figure 4. 
strips to simulate contour following. This sample contained seeded Teflon 
strips, as shown in Fig. 6. A l MHz image is shown in Fig. 7, and shows 
reliable detection of alI the strips, both on the flat and around the corner. 
Another, more recently developed, material of interest to aerospace 
manufacturers is so-called quasi-isotropic graphite-epoxy. This is 
fabricated from prepreg, with the individual layers of fibers being of the 
order of .2mm thick, and with layers laid at O degrees, 90 degrees, and plus 
and minus 45 degrees in such a way as to minimize the anisotropy of the 
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Figure 6. Schematic of seeded graphite-epoxy bracket. 
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Figure 7. Photograph of the seeded graphite-epoxy bracket 
of Figure 6, showing detection of teflon strips. 
mechanical, and incidentally the acoustic properties. We obtained sample 
V, a 4mm thick sample made of 24 plies, from an Air Force contractor. 
This sample had been deliverately damaged by clamping it to a steel plate 
and dropping a weight onto a 3mm diameter, flat ended pin contacting the 
sample. 
The extremely fine structure of the quasi-isotropic material suggested 
that is could be imaged at higher frequencies than previous samples, and 
this turned out to be true. 3 MHz FI and 10 MHz FI pictures are shown in 
Figure 8. At 3 Mhz, the sample is about four wavelengths thick, and the 
sound easily penetrates to the back surface. Subtle details of the way the 
matetial delaminates with depth may be obtainable from the shading of the 
image, since the signal strength received depends on the interference of the 
front surface echo with the echo from the delamination surface. The 10 MHz 
image is also interesting, and shows the extent of the damaged zone with 
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Figure 8. Acoustic images of damaged quasi-isotropic 
graphite laminate. Left: 3 MHz Right: 10 MHz. 
excellent lateral resolution. The ultrasound is probably penetrat ing alI 
the way to the back surf ace in this case also. 
The theoretical maximum scanning speed of the system was analyzed 
theoretically, as it was well higher than could be realized with the 
mechanical scanner at P.A.D. The time per pixel for a single transducer 
system is equal to the round trip transit time between the transducer and 
the focal point, which, for samples of longitudinal sound velocity greater 
than that of the coupling medium (water), is maximum when the transducer is 
focussed on the surf ace of the sample. For a typical transducer, such as 
our 3 MHz FI transducer, the radius of curvature is 2Smm, so the round trip 
path is sOmm, and at a sound velocity in water of I.Smm/microsec, this gives 
a transit time of 33 microsec. For this transducer, the spot size at the 
focus is about .6mm. Using about 2 pixels per spot size gives a smooth 
looking picture. This would yield a linear scanning rate of 
.3mm/33microsec, or 9 meter/sec. The areal scan rate would be 27 square 
centimeters per second, or 4 square inches per second. This would be 
comparable to existing mechanical equipment, but with better lateral 
resolution. However, mechanical scanning at 9 meters per second would be 
extremely improbable with any mechanical system. The only practical way to 
achieve the theoretical speed is to use a phased array and scan it 
electronically. Many of the technical details of electronically scanned, 
phased array imaging have been worked out during the last ten years by 
academic and corporate researchers interested in medical applications of 
ultrasound, and it now appears feasible to build such a system for NDE 
applications. An additional advantage of the phase array approach is that 
multiple beams could be managed simultaneously, further increasing scanning 
speed. This would require additional electronics, but since the transducer, 
position sensor, and display would remain the same, the cost would increase 
much less than the speed. 
CCNCLUSIONS 
P.A.D. has demonstrated a Low Frequency Acoustic Microscope instrument 
and transducers which can be added to a standard mechanical c-scanner to 
provide the benefits of acoustic microscopy to commercial ultrasonic NDE 
users. This instrument and these transducers are now available for sale, 
and several transducers have already been sold. Several companies have also 
indicated interest in buying the instrument, and we expect sales before the 
end of 1986. 
The utility of the instrument was investigated for imaging kevlar-epoxy 
and graphite-epoxy structures of filament wound, cloth layup, and quasi-
isotropic prepreg construction. It was found to be unusable on filament 
would kevlar, and to achieve resolution and depth of penetration of 3mm on 
filament wound graphite. On this laid up cloth part we detected square 
and strip delaminations as small as lmm wide at depths of up to 4.Smm with 
good reliability, at l MHz. On quasi-isotropic prepreg parts, impact 
induced delaminations were clearly visualized. Imaging of this material is 
possible at frequencies of at least 10 MHz, due to the fine scale of the 
structure. At 3 MHz, penetration is completely through a 4mm sample, and 
resolution is good. 
The system is most useful for flaw detection in thin, flat or smoothly 
curved structures such as plates or skins. It is not useful on thick 
filament wound structures, particularly those made of kevlar. With the use 
of a phased array and a solid coupling system such as is common in the 
medical ultrasound business, the acoustic microscope could be a fast, cheap 
method for inspecting parts either at the manufacturing site or in the 
field. Scanning speeds of the order of ten square inches per second should 
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be achieved with resolution of .6mm. By using a "paintbrush transducer" 
connected to a mechanical position detector, a swath of aircraft wing skin, 
say five inches wide, could be inspected as quickly as two inches per 
second. 
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